Hydrogen produced using the steam reforming process contains sulfur and carbon monoxide that are harmful to the Pt catalyst in proton-exchange-membrane fuel cells (PEMFCs). However, COfree hydrogen can be generated from the hydrolysis of either Al in strongly alkaline water or Mg in neutral water with chlorides such as sea water. The hydrogen generation rate from the hydrolysis of Mg is extremely slow and linearly proportional to the corrosion rate of Mg in chloride water. In this work, we fabricated a carbon nanotube (CNT)-reinforced Mg-matrix composite by Spark Plasma Sintering as a fast hydrogen generation source for a PEMFC. The CNTs distributed in the Mg matrix act as numerous local cathodes, and hence cause severe galvanic corrosion between the Mg-matrix anode and CNT-cathode in NaCl solution. It was found that the hydrogen generation rate from the hydrolysis of the 5 vol.% CNT/Mg composite is 3300 times faster than that of the Mg without CNTs due primarily to the galvanic corrosion effect.
INTRODUCTION
On board hydrogen-production system has received a great attention for use in portable fuel cells, because it would eliminate the need for hydrogen storage. [1] [2] [3] [4] Recently, U.S army developed wearable and portable fuel cells for soldiers, 3 and an on-board hydrogen power pack for unmanned aerial vehicle has been developed in Korea. 4 Chemical hydrides, such as sodium borohydride (NaBH 4 ) are attractive materials for on-board hydrogen systems due to their stability under ambient conditions and high rate of hydrogen generation. 5 6 However, the chemical hydrides are too expensive (US $55/kg) and need a catalyst for hydrogen generation from their hydrolysis. In contrast, onboard hydrogen generation from the hydrolysis of active metals such as aluminum is very attractive due to its simplicity and economy compared with chemical hydrides. 7 Furthermore, the hydrogen generated from the hydrolysis could be fed directly to fuel cells without storage. 8 9 However, the hydrolysis of Al occurs only in a strong alkaline solution. On the other hand, hydrogen generation from the hydrolysis of magnesium (Mg) may occur in a * Author to whom correspondence should be addressed.
neutral aqueous chloride solution such as sea water. In this case, the rate of hydrogen generation is proportional to the corrosion rate of Mg in sea water. Carbon nanotube (CNT) reinforced Mg composite is an attractive material for structural and mechanical applications due to its advanced mechanical properties. [10] [11] [12] [13] However, Mg shows a fast corrosion rate when in galvanic contact with graphite in sea water.
14 This is due to a galvanic-corrosion effect between Mg and graphite. CNTs distributed uniformly in the composite act as numerous cathodes, and hence they would dramatically increase the hydrogen generation rate by enhancing hydrolysis of Mg by the galvanic corrosion effect. In the present work, we examined the effects of CNTs on hydrogen generation from hydrolysis of Mg in a CNT-reinforced Mg-matrix composite that had been fabricated by spark plasma sintering (SPS). Special emphasis was placed on the galvanic corrosion effects between the Mg matrix and the CNTs in the composite. 
EXPERIMENTAL DETAILS

Characterization
The composition of the sintered samples and by-products after hydrolysis of the composites, were characterized by the X-ray diffraction (XRD) technique. The by-products were dried for 2 h at 100 C in an oven, and then their compositions were analyzed by XRD. The microstructure of the CNTs/Mg was using scanning electron microscopy (SEM) after etching for 5 min in the Mg etchant (distilled water (24 mL) + ethylene glycol (75 mL) + nitric acid (1 mL)). The hydrolysis of the CNTs/Mg composite was performed for 3 h in 100 ml of 10 wt% NaCl solution at room temperature. The accumulated hydrogen volume of the CNTs/Mg composite was measured using a mass flow meter (MFM) during the hydrolysis. The rate of hydrogen generation was derived by differentiating the accumulated hydrogen volume per unit weight (ml/g) by the hydrolysis time. undesirable carbon compounds were not formed from the CNTs after the SPS process. Figure 4 shows the changes in surface morphology of the Mg and the 5 vol.% CNT/Mg composite at 1 h, 2 h, and 3 h from the beginning of hydrolysis, in 10 wt% NaCl solution. Hydrogen was generated immediately after the immersion of the composite in the NaCl solution. Moreover, the Mg was completely corroded and converted to Mg (OH) 2 after 3 h of hydrolysis. Magnesium hydroxide (Mg (OH) 2 ) was observed on the surface of the sample during hydrolysis. Figure 5 shows an XRD pattern for by-products of the hydrolysis of the CNT/Mg composite in NaCl solution. The by-products were identified as magnesium hydroxide (Mg (OH) 2 ) and CNTs. In addition, the CNTs remained as by-products without forming any other carbon compounds during the hydrolysis. The CNTs only accelerated the corrosion rate of Mg by acting as cathodes galvanically coupled to the Mg matrix during the hydrolysis. Figure 6 shows SEM images of the 5 vol.% CNT/Mg composite: (a) as sintered, (b) after 5 min of hydrolysis in 10 wt% NaCl solution, and (c) after 5 min of etching. The CNTs were dispersed at the grain boundary (GB) in the CNTs/Mg composite. CNTs at the GB formed a galvanic cell with the Mg matrix, hence a crack-like dissolved morphology, formed by galvanic corrosion, preferentially emerged at the G.B since the corrosion rate of Mg is faster, the nearer it is to the CNT cathode. The crack-like dissolved regions grew to about 100 m during the 5 min of hydrolysis in 10 wt% NaCl solution as shown Figure 6 (b). Fukuda reported that the difference in surface potential between the Mg matrix and CNTs was 1.1 V in 3.5 wt% NaCl solution, and hence the galvanic cells formed between the Mg matrix and CNTs is due to this high potential difference. 15 The reaction of pure Mg in aqueous solution 16 is given by the equations below:
RESULTS AND DISCUSSION
Mg s → Mg aq +2 +2e − anodic reaction (1) remained above 15 ml/g · min from 62 min to 173 min during hydrolysis. Table I summarizes the hydrogen generation properties of each sample. An accumulated hydrogen volume of the sintered Mg without CNTs was 6.8 ml after 3 h of hydrolysis, which is insufficient to serve as a hydrogen source for fuel cells. However, the 2, 3, and 5 vol.% CNT/Mg composites provided 390 ml, 430 ml, and 681 ml, respectively, of accumulated hydrogen volume at 3 h of hydrolysis. The hydrogen generation rate significantly increased with addition of the CNTs to the Mg matrix. In other words, the addition of CNTs to the Mg matrix accelerated the corrosion rate in NaCl solution by 
CONCLUSIONS
In conclusion, the CNT/Mg composite was successfully fabricated using the SPS process. The galvanic cells that formed between the Mg matrix and CNTs accelerated the hydrogen generation rate from the CNT/Mg composite by galvanic corrosion. The hydrogen generation rate of the 5 vol.% CNT/Mg composite was 3300 times faster than that of Mg without CNTs. CNTs did not make any undesirable carbon compounds during the SPS process or during hydrolysis. The CNTs only increased the hydrogen generation rate by forming galvanic cells with Mg matrix. The mixing uniformity is an important factor in the hydrogen generation rate: well-dispersed CNTs make more galvanic cells, which accelerate the hydrogen generation rate. Ball-milling or any other method for better dispersing the CNTs within the on Mg matrix, should further increase the rate of hydrogen generation of the CNT/Mg composite. Finally, their hydrogen generation properties in a pH-neutral aqueous solution make CNT/Mg composites promising hydrogen sources for portable fuel cells.
